Although CD1d and NKT cells have been proposed to have highly conserved functions in mammals, data on functions of CD1d and NKT cells in species other than humans and rodents are lacking. Upon stimulation with the CD1d-presented synthetic antigen α-galactosylceramide, human and rodent type I invariant NKT cells release large amounts of cytokines. The two bovine CD1D (boCD1D) genes have structural features that suggest that they cannot be translated into functional proteins expressed on the cell surface. Here we provide evidence that despite an intron-exon structure and signal peptide that are different from all other known CD1 genes, boCD1D can be translated into a protein that is expressed on the cell surface. However, in vivo treatment of cattle (Bos taurus) with 0.1, 1, or 10 µg kg -1 of the most commonly used α-galactosylceramide, which has a C26 fatty acid, did not lead to an increase in body temperature and serum cytokine levels of the animals. This lack of reactivity is not due to a complete inability of boCD1d to present glycosphingolipids because α-galactosylceramide variants with shorter fatty acids could be presented by boCD1d to human NKT cells in vitro. This suggests that the natural ligands of boCD1d are smaller lipids.
Introduction
Because of their quick, strong responses and the availability of the potent synthetic antigen α-galactosylceramide (α-GalCer), type I NKT cells, also called invariant NKT cells, are currently targeted in anticancer treatment, vaccine development and immunotherapy for autoimmune diseases. CD1d can bind α-GalCer in the hydrophobic binding groove of CD1d, and recognition of this complex by the T cell receptor (TCR) of invariant NKT cells triggers the release of large amounts of cytokines, including IL-2, IL-4, IL-10, IL-8, IL-13, IL-21, GM-CSF, IFN-γ, TNF-α, MIP-1α and MIP-1 β (1-3).
Because CD1d and the invariant TCR of NKT cells are highly conserved, mouse CD1d can present α-GalCer to human invariant NKT cells and vice versa (4) (5) (6) .
With the availability of multiple mammalian genomes, it has become clear that CD1D genes are widespread. With the exception of marsupials, not a single mammalian genome has been reported to lack CD1D genes altogether (7) . However, whether the presence of a CD1D gene in the genome always leads to the expression of functional CD1d protein on the cell surface and the development of a functional invariant NKT cell population in a species is unknown. Despite the absence of data directly addressing this question, it is thought that most mammals have a functional CD1d and invariant NKT cell system, with the notable exception of ruminants (8) .
All MHC class I-like proteins, including CD1 proteins, consist of a heavy chain, which contains the three extracellular α domains, a transmembrane domain and a cytoplasmic tail. Upon translation and translocation into the endoplasmic reticulum, the signal peptide is cleaved off. The mature heavy chain forms a heterodimer with the β2 microglobulin molecule. MHC class I-like molecules also share a highly comparable intron-exon structure. The start codon and signal peptide lie on one exon and each of the three α domains, as well as the transmembrane domain and the cytoplasmic tail, are located on separate exons.
Even though CD1D genes are present in ruminant genomes and are transcribed, all of the studied ruminant CD1D genes have been shown to have mutations that eradicate the start codon and an intronic splice site, suggesting that functional protein might be absent (8, 9) . CD1d proteins have not been detected in ruminants to date. Because the CD1d and invariant NKT cell system is such a prominent part of the immune system of humans and mice, two species belonging to different orders of mammalia, it is often assumed that the system has been broadly conserved during evolution and is also functional in the other CD1D gene-containing orders. Therefore, the previously described naturally occurring genetic distortion of the ruminant CD1D genes (8) and the ensuing suggestion that ruminants lack invariant NKT cells were unexpected and need further investigation.
Surprisingly, we found that the bovine CD1D (boCD1D) gene, which was already known to be transcribed, is also translated in vivo. This is possible because a sequence that is intronic in mice and humans functions as an exon in cattle and encodes an alternative start codon and peptide with signal peptide function. However, despite the expression of this CD1D gene product, we show that intravenously applied α-GalCer in cattle has no effect on serum cytokine levels and body temperature. In vitro activation of human NKT cells by shorter-chain α-GalCer presented by boCD1d suggests that the natural ligands of boCD1d are smaller lipids.
Methods

Animals
Three groups of three 4-month-old Holstein-Friesian calves, weighing ~120 kg each, were treated by intravenous injections of 0.1, 1 and 10 µg kg -1 of α-GalCer in 5-ml sterile PBS in the jugular vein. α-GalCer was dried under a stream of N 2 gas to remove organic solvents and sonicated at 50˚C in PBS. Serum was collected once before and at 2, 4, 8, 16 and 30 h after α-GalCer injection and stored at -20˚C. The rectal temperature was measured at the same time points as serum collection and one day before treatment at the same hour as the post-α-GalCer time points. Experiments were approved by the Animal Ethical Committee of the University of Utrecht, the Netherlands.
Six-month-old Holstein or Holstein cross-calves were infected via the intra-tracheal route with 2000 colony-forming units of Mycobacterium bovis (strain AF2122/97). Serum samples were collected 9 weeks post-infection. Disease was confirmed by post-mortem performed 9 weeks post-infection by the presence of visible pathology typical of bovine tuberculosis and the culture of M. bovis obtained from tissues.
Dairy cross-calves, 8-10 weeks old, were experimentally infected with 10 5 TCID 50 [50% (median) tissue culture infectious dose] bovine viral diarrhea virus (BVDV; strain UK1362727) via intra-nasal inoculation. Serum samples were collected 8 days post-infection, at which point animals were pyrexic, leukopenic and viraemic. Work was carried out in accordance with UK legislation pertaining to care and use of animals under experimentation.
Bovine IFN-γ, IL-1β, IL-4, IL-10, IL-12 and MIP-1β detection
Simultaneous detection of IFN-γ, IL-1β, IL-4, IL-10, IL-12 and MIP-1β was performed in sera using a custom bovine multiplex cytokine-chemokine assay developed in collaboration with Meso Scale Discovery (MSD) (10) . Multiplex 96-well plates were supplied with each of the commercially available target capture antibodies: bovine IFN-γ (Mabtech, Stockholm, Sweden), IL-4 (Endogen, Rockford, IL, USA), IL-10 and IL-12 (AbD-Serotec), IL-1β and human crossreactive MIP-1β (MSD) pre-spotted on to spatially separated locations in each well. Incubations were performed at room temperature. Plates were blocked with MSD assay buffer prior to addition of 25 µl per well of test sera or standards. The standards were serially diluted in MSD dilution buffer of high concentrations (shown below in parentheses): IFN-γ (Endogen, 100 ng ml ; IL-12, 1.83 U ml -1 and MIP-1β, 1.32 pg ml -1 . After a final wash, plates were coated with MSD Buffer-T and the luminescence signal was measured on an MSD-6000 instrument. Serum IFN-γ levels were also measured using the sandwich ELISA provided with the Bovigam ® assay (Prionics AG, Zurich, Switzerland). Using this method, the minimum detectable level of IFN-γ was 0.016 ng ml -1 .
Molecular cloning of boCD1D transcript, transfections and flow cytometry
BoCD1D cDNA (accession number BT029852) was obtained from BACPAC Resources (Oakland, CA, USA) and cloned into pcDNA3.1 vector. Further, 293T and K562 cells were transfected with boCD1D cDNA in pcDNA3.1 or a chimeric construct of boCD1d in which the signal sequence was replaced by the boCD1b3 signal sequence (boCD1d/b) in pcDNA3.1 using FuGENE 6 reagent (Roche). 293T cells were harvested 48 h after transfection and the cell surface was stained with antibodies raised against bovine thymocytes (CC43), bovine intestinal epithelial cells (CC118) (11) , and anti-human CD1d clone CD1d42 (12), followed by goat anti-mouse PE. K562 cells were selected on 1 mg ml -1 G418 for several weeks. K562 cells transfected with human CD1d have been described previously (13) . C1R cells were electroporated as described previously, selected on 1 mg ml -1 G418 and sorted for comparable levels of boCD1d or boCD1d/b at the cell surface.
Cellular assays and antigens
The human invariant NKT cell lines J3N.5 and J24L.17 and the murine NKT hybridoma DN3A4 were described previously (14, 15) . C1R cells transfected with human CD1d, boCD1d or boCD1d with the signal sequence of boCD1b3 (5 × 10 4 cells per well) were mixed with a series of dilutions of α-GalCer. Before use, α-GalCer was dried and sonicated in tissue culture medium consisting of RPMI supplemented with 10% FCS and penicillin-streptomycin. Upon addition of invariant DN3A4 cells (5 × 10 4 cells per well), the cultures were incubated for 24 h at 37°C and 5% CO 2 before harvesting the culture supernatants for detecting the presence of murine IL-2 by ELISA (BD Pharmingen). Alternatively, 5 × 10 4 C1R cells were incubated with 1000 J3N.5 or J24L.17 NKT cells per well in a human IFN-γ ELISPOT assay (Mabtech). C12 and C26 α-GalCer were synthesized via a modification to a previously reported glycolipid synthesis (16) . C16 α-GalCer was synthesized as described (17) .
Statistical analyses
Statistical analysis was performed with R statistical software (version 2.10.1, www.R-project.org). Linear mixed-effects models were used to analyze the effect of α-GalCer treatment on serum cytokine levels, which included treatment group and time, and their interaction as fixed factors and animal as random factor.
Results
Transcription and translation of boCD1D genes previously considered pseudogenes
We have previously described two boCD1D genes and provided evidence for transcription of one of them, boCD1D1 (8) . However, at that time, we considered the transcript to be non-functional because the sequence homologous to the murine and human signal peptide-encoding sequence starts with a mutated start codon in cattle (Fig. 1A) . In addition, the part that is homologous to the intron that is present between the signal peptide-encoding exon and the α1 domain exon in mice and humans does not contain functional splice sites in cattle. Consistent with this, no transcripts with this intron properly spliced out could be cloned and were absent in the databases, whereas numerous transcripts were identified in which the intron was present. Re-evaluation of this transcript revealed an ATG at the beginning of this intron (Fig. 1A) . We hypothesized that if translation starts at this ATG, the sequence that is intronic in humans and mice might be translated into an alternative peptide, possibly with signal peptide capacities, followed by a functional boCD1d protein.
To test this hypothesis, we transfected 293T cells with a full-length wild-type (WT) boCD1D1 transcript. Sequencing confirmed that the insert contains 45 bp 5′ of the location of the murine and human start codons, corresponding to the mutated start codon in cattle, and this 5′ stretch did not contain any additional ATG sequences. Of the available antihuman CD1d and anti-boCD1 antibodies, only CC43 and CC118 recognized the surface of transfected cells but not the mock-transfected cells (Fig. 1B) . CC43, which was raised against bovine thymocytes, and CC118, which was raised against bovine intestinal epithelial cells, have previously been suggested to recognize boCD1 based on their staining pattern in vivo (11), but they do not recognize boCD1a and boCD1b3 (8) . The identification of the boCD1D gene product as the target molecule for these antibodies is consistent with all published data. The fact that this molecule translocates to the cell surface implies that a signal peptide-like function is performed by the sequence that is homologous to the human and murine introns. Indeed, the 99-amino acid (aa)-long peptide that is predicted before the α1 domain contains a hydrophobic segment consistent with the signal peptide function of random sequences (18) . The SignalP program (available at www.cbs.dtu.dk) does not predict a signal peptidase cleavage site, suggesting that the peptide results in a membrane anchor.
Serum cytokine response upon intravenous application of α-GalCer in cattle
To investigate whether the boCD1D gene product performs the conserved function of presenting α-GalCer to T cells in vivo, we injected three groups of three calves (four months of age) intravenously with 0.1, 1 and 10 µg kg -1 of α-GalCer and determined serum IL-1β, IL-4, IL-6, IL-10, IL-12, IFN-γ and MIP-1β levels using the MSD technique. The α-GalCer that was injected was identical to KRN7000, containing a C18 phyotosphingosine and a C26 fatty acid, which is highly antigenic for human and murine NKT cells. From each animal, serum was collected just before (time point 0), and at 2, 4, 8, 16 and 30 h after injection (Fig. 2) . To show that the MSD technique that we used was adequate for the detection of cytokines in bovine sera and to provide a rough indication of physiological cytokine level ranges during the acute phase of infection, we included sera of animals with acute BVDV or M. bovis infections (left part of each panel), as well as a wide concentration range of recombinant standards. For IL-4, IL-10, IFN-γ and MIP-1β, the serum level of at least one infected control animal was an order of magnitude higher than that of the α-GalCer-treated animals (please note that the scale of the y-axes of the IL-4, IL-10 and IFN-γ graphs is different for the control animals and the α-GalCer-treated animals). These results, in addition to the standard curves obtained with recombinant cytokines, show that the detection method for serum cytokine levels was adequate.
There were no statistically significant increases in serum cytokine levels in any of the α-GalCer-treated groups. 
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S α1 α3 α2 recombinant boCD1D1/CD1b signal peptide Fig. 1 . Structure of human and bovine CD1d (boCD1d) transcripts. (A) In the human CD1d transcript (huCD1d, accession number NM_001766), the intron (black horizontal lines)-exon (gray boxes) structure shows a pattern that is typical for all MHC class I-like molecules. The wild-type (WT) boCD1D1 transcript (accession numbers DQ192544 and BT029852) has previously been shown to contain a non-functional start codon (dark grey) at the same position where the human functional start codon lies (green). Our new interpretation of the boCD1D1 transcript shows a functional start codon in the part that is homologous to the human intron before the α1 domain. A recombinant construct has been created that contains the signal peptide of bovine CD1b3 (pink), followed by boCD1d from which the signal peptide has been removed. S: Signal peptide; alt. S: alternative signal peptide; intronic sequence: light grey; start codon: green; mutated start codon: dark grey; signal peptide amino acid (aa) sequence: orange; CD1 heavy-chain α1 domain aa sequence: blue. (B) 293T cells transfected with the boCD1D1 transcript or mock transfected were cell surface stained with the CC43, CC118 and CD1d42 antibodies.
apparently has a certain level of each cytokine before injection of α-GalCer, and these levels remain fairly constant in time, but may be different from those of other animals. Comparable intravenous α-GalCer injections in mice typically show a 20-fold increase in cytokine levels, with the peak of the response, depending on the cytokine, approx. 4-16 h after intravenous injection (19) (20) (21) . Using the standard sandwich ELISA as provided with the Bovigam assay, the IFN-γ data were replicated with essentially identical results (data not shown).
Body temperature upon intravenous application of α-GalCer
In human clinical trials and animal models where α-GalCer is administered, an increase in body temperature has sometimes been observed (22) (23) (24) . To test whether cattle react to administration of α-GalCer with an increase in body temperature, the rectal temperature was measured just before and at 2, 4, 8, 16 and 30 h after α-GalCer treatment (Fig. 3) . Because body temperature follows a circadian rhythm, body temperature of the animals was also measured at the same hours a day before α-GalCer treatment ("8 calves untreated" in Fig. 3) .
Treatment with α-GalCer did not lead to a significant increase in body temperature. This was true when each of the three dose groups was compared with the untreated group and also when all treated animals were compared as one group with the untreated situation. To be able to visualize how the temperature data we collected fit in a normal circadian rhythm, the expected course of body temperature as based on published data is shown in Fig. 3 as a black line (25) .
The boCD1D gene product presents shorter-chain α-GalCer to human NKT cells
The reason for the inability of α-GalCer to generate a response in cattle in vivo might reflect the lack of boCD1d to present Fig. 2 . Serum cytokine responses in cattle upon α-galactosylceramide (α-GalCer) treatment. Three groups of three calves were treated with 0.1 (n = 3), 1 (n = 2) and 10 µg kg -1 (n = 3) α-GalCer intravenously and serum cytokine levels were determined before (time point 0) and at the indicated time points after treatment. Similar symbols connected with a line represent data from one individual animal. As technical controls, animals suffering from M. bovis (n = 3) or bovine viral diarrhea virus (n = 3) were included.
α-GalCer or the absence of bovine NKT cells. If boCD1d is able to present α-GalCer to human or murine invariant NKT cells, these possibilities could be distinguished. Initial experiments showed that the lymphoblastoid cell line C1R transfected with boCD1d could not present α-GalCer to human and murine NKT cells (data not shown). Two testable explanations for this negative result are that (i) the highly unusual 99-aa-signal peptide is not cleaved off and has a negative effect on the capacity of boCD1d to present α-GalCer or (ii) the antigen-binding groove of boCD1d cannot bind α-GalCer with a C18 phyotosphingosine and a C26 fatty acid. For subsequent experiments, we also transfected the human lymphoblastoid cell line C1R with boCD1d in which the unusual 99-aa-signal peptide was replaced by the signal peptide of boCD1b3 (Fig. 1A) , and we included α-GalCer with a C12 or a C16 fatty acid in our studies. Figure 4A shows that the human NKT clone J3N.5 is autoreactive to human CD1d, defined as reactivity without addition of α-GalCer, but not to boCD1d. However, it does respond to α-GalCer with a C12 or a C16 fatty acid presented by boCD1d, albeit suboptimally, and not at all to α-GalCer with a C26 fatty acid. The human NKT clone J24L.17 and the murine NKT hybridoma DN3A4 are not autoreactive and respond to all three chainlength variants of α-GalCer when presented by human CD1d (Fig. 4B and C) . Again, α-GalCer with a C12 or a C16 fatty acid are weakly recognized by the human NKT clone, but not the C26-fatty acid α-GalCer. The murine NKT hybridoma does not respond at all to boCD1d with any of the α-GalCer variants (Fig. 4C) . The order of efficiency of α-GalCer presentation is as follows: human CD1d > boCD1d with the boCD1b signal sequence > WT boCD1d. The difference between the latter two may be influenced by the slightly higher surface expression of boCD1d in the presence of the boCD1b signal sequence compared with WT boCD1d (Fig. 4D) , despite attempts to match expression levels by cell sorting. In all transfection experiments, we noticed that the cell surface expression level of boCD1d containing the boCD1b signal sequence was higher than that of boCD1d.
Thus, although α-GalCer with a C26 fatty acid fails to activate human NKT cells when presented by boCD1d, variants with chain lengths of C12 or C16 weakly stimulate human NKT cells, suggesting that boCD1d can bind and present α-GalCer, but only when it has a C12 or C16 fatty acid, and not when it has the common C26 fatty acid.
Discussion
Ruminants were thought to be the only group of mammals lacking functional CD1D genes (8) . Here, we have demonstrated that, despite an intron-exon structure that is uncharacteristic for CD1 genes and a highly unusual signal peptide, the boCD1D gene can be expressed at the cell surface in vitro. In vivo expression on bovine thymocytes and B cells is implied by the published staining patterns of dendritic cells and B cells by the CC43 and CC118 antibodies (11), which we have shown here to recognize the boCD1D product.
Despite the expression of a boCD1D gene product, we have been unable to demonstrate bioactivity of α-GalCer with a C26 fatty acid in vivo in cattle, which is most likely caused by the inability of boCD1d to present this species of α-GalCer. However, variants of α-GalCer that contained a C12 or C16 fatty acid could be presented by boCD1d in vitro. Naturally occurring mammalian ceramides, which are thought to positively select and possibly expand and activate NKT cells in vivo, typically contain a C18 sphingosine, and the length of the fatty acid varies from C16 to C30, depending on the class of ceramide, tissue of origin, animal species and age of the animal (17, 26, 27) . The mammalian ceramides that have been shown to stimulate NKT cells via presentation by CD1d include isoglobotrihexosylceramide, ganglioside GD3 and sulfatide (28) (29) (30) . Even though the exact size limit for the fatty acid to enable binding of α-GalCer to boCD1d has not been determined in the functional experiments described here, it must probably be between C16 and C26. Together, these data suggest that boCD1d can only present a proportion of the mammalian ceramides, consisting of the ones with the shortest naturally occurring fatty acids. Mammalian phospholipids like phosphatidylinositol, phosphatidylcholine, phosphatidylglycerol and phosphatidylethanolamine, and bacterial lipids that are known to be presented by human and murine CD1d, are a little smaller and might fit well in the boCD1d groove (31) (32) (33) (34) . These differences in antigen-binding specificity between bovine versus murine and human CD1d may profoundly impact the selection and expansion of bovine NKT cells in vivo.
Our current data do not directly address the question whether cattle have an NKT cell population that is homologous to human and murine α-GalCer-reactive invariant NKT cells. In humans and mice, there are also populations of T cells (other than invariant NKT cells) that respond to CD1d. These cells recognize lipids without α-linked sugars, like phospholipids (31), sulfatides (35) , or small aromatic molecules (36) , and are called type II NKT cells (37) . The boCD1d molecule we describe here might present comparable ligands.
We have previously described the CD1D genes of other ruminants [African buffalo, sheep, bushbuck, bongo, N'Dama cattle and roe deer (9) ], and because they all show equivalent genetic structure, it is likely that CD1D in these species is expressed and functions in a fashion similar to that in cattle, as we have described in the current study. 4 C1R cells were incubated with the murine NKT hybridoma DN3A4 (5 × 10 4 cells per well); supernatants were harvested after 24 h and tested for the presence of IL-2 by ELISA (C). The cell surface expression of human CD1d, boCD1D1 and boCD1d/b on the C1R cells at the day that the cellular assay was performed was confirmed by flow cytometry (D). This experiment has been replicated independently, with essentially the same results. (E) The human and murine CD1d protein sequences were aligned with the bovine CD1d sequence. Signal sequences were removed. Residues that are in the human CD1d sequence known to interact with (i) the human NKT TCR CDR3a are in yellow and are underlined and (ii) the human CDR2b are in red and are underlined (38) . The YXXZ motif in the tail sequence is shown in green-bold-italics.
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